ABSTRACT. The patterns of nutrient turnover by the freshwater bacterivorous chrysophycean flagellates Ochromonas sp. and Spurnella sp, were compared in laboratory experiments. The exclusive phagotroph Spumella sp. released soluble reactive phosphorus (SRP) and ammonium when feeding on bacteria and stimulated the growth of P-limited algae, obv~ously by making phosphorus available to them. The mixotroph Ochromonas sp. released SRP and ammonium in the dark or at high bacterial densities in the light when phagotrophic nutrition prevailed, but it took up mineral nutrients when it grew primarily phototrophically. In P-limited situations, it retained bacterial P for its own photosynthetic growth and did not stimulate other phytoplankton. The results suggest basic differences in the patterns of nutrient turnover by mixotrophs and by exclusive phagotrophs.
INTRODUCTION
Aquatic bacteria are rich in nitrogen and phosphorus (Fagerbakke et al. 1996) . For this reason and due to their abundance, bacteria can be an important pool of nutrients in the production zone of pelagic systems. Gude (1991) estimated that in the epilimnion of Lake Constance, the bacterial size fraction (<l pm) accounts for about 50 % of the particulate phosphorus during the summer stratified season. Bacterial mortality therefore may result in significant mobilization and re-allotment of nutrients. Besides viruses, bacterivorous flagellates are usually seen as the main factor in bacterial mortality (Giide 1989) . Nutrient mobilization by bacterivorous flagellates (e.g. Johannes 1965 , Jiirgens & Giide 1990 ) as well as algal utilization of nutrients released by flagellates (e.g. Caron et al. 1988 , Rothhaupt 1992 have been demonstrated experimentally. ' Present address: Umversity of Konstanz, Limnologcal Institute, Posffach 5560, D-78434 Konstanz, Germany.
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Chrysophytes comprise a wide range of nutritional modes, ranging from chloroplast-bearing obligate phototrophs to nonpigmented phagotrophs (Sandgren 1988 ). Intermediate mixotrophic forms are able to combine phototrophic nutrition with the uptake of particular or dissolved organic material (Sanders & Porter 1988 , Sanders 1991 . Members of the genus Ochromonas have been reported to be mixotrophs with limited photosynthetic capabilities. In some species or strains of Ochromonas photosynthesis is sufficient to run some maintenance metabolism at low bacterial densities, but not to grow actively (Fenchel 1982 , Andersson et al. 1989 . In contrast, the strain of Ochromonas used in this study has displayed considerable nutritional versatility in previous experiments (Rothhaupt 1996a) . At one extreme, like an obligately heterotrophic flagellate, it was able to grow phagotrophically in the dark and released soluble nutrients. At the other extreme at low bacterial densities, it was able to adopt the functional role of phytoplankton, took u p soluble nutrients and grew phototrophically in the light.
Mixotrophy, i.e. phagotrophy by photosynthetic organisms, has usually been seen as a strategy to use alternative carbon or energy sources, but the acquisition of nutrients other than C may also be important (Giide 1989) . In fact, bacterivory of mixotrophic algae has been shown to increase when mineral nutrients are limiting (Nygaard & Tobiesen 1993 , Keller et al. 1994 and in marine field studies, abundances of mixotrophs were enhanced under conditions of nutrient limitation (Nygaard & Tobiesen 1993 , Arenovski et al. 1995 . It is conceivable that some mixotrophs do not release excess bacterial nutrients (e.g. N, P) but retain them for additional photosynthetic carbon fixation when the concentrations of soluble nutrients are low. Exclusive phagotrophs, in contrast, have to release excess nutrients, at least those originating from the respired part of the ingested food. Consequently, the patterns of nutrient turnover mediated by mixotrophs and by obligate phagotrophs may differ.
The aim of the present study was to compare the nutrient dynamics of 2 freshwater bacterivorous chrysophycean flagellates, Spumella sp., an exclusive phagotroph and Ochromonas sp., a mixotroph that is able to obtain a significant part of its carbon metabolism from photosynthesis. The genera Spumella and Ochrornonas apparently are closely related. They share the same functional morphology of the feeding apparatus and mainly differ in the lack or presence of a chloroplast (Fenchel 1986 ).
In laboratory experiments, I assessed the patterns of uptake and release of soluble mineral nutrients and tested whether phosphorus-limited phytoplankton were differently stimulated by the 2 grazers. I tested phytoplankton stimulation in a batch and in a chemostat experiment. In the batch experiment, there was no further input of soluble phosphorus and direct release by the grazers was the only mechanism to shift the limiting nutrient from bacteria to algae. In the dynamic equilibrium of the chemostats, bacteria and algae competed for the uptake of phosphate and 2 mechanisms mediated by bacterivores could possibly have affected the algae: direct phosphorus release by the grazers and reduced bacterial phosphorus uptake due to reduced bacterial numbers (Rothhaupt 1992) .
MATERIALS AND METHODS
Organisms and standard conditions. Cultivation and experimentation were done in temperature-controlled rooms at 20 1°C. In all experiments, the light treatments received a photon supply of -100 pEinst m-2 s-' in a 1ight:dark rhythm of 16:8 h. All organisms were grown in WC (= MBL) medium (Guillard & Lorenzen 1972) . A mixed bacteria culture from a lakewater inoculum (filtered < l pm) was grown with 20 mg 1-' glucose as a carbon source. The bacterivorous flagellates and the coccale green alga Scenedesmus acutus were from the culture collection at the Max-PlanckInstitute in Plon, Germany. Spumella sp. (4 to 6 pm diam.) was kept with food bdcterid in wheat-grain cultures. Ochromonas sp. (6 to 8 pm diam.) was cultured in the light with yeast extract (-20 mg 1-') as a carbon source (Rothhaupt 1996a) . Scenedesmus acutus did not form coenobia but grew as single cells (12 to 15 pm length, 4 to 5 pm width). The oval-shaped phytoflagellate Cryptomonas sp. (12 pm length; 5 to 6 pm width) was from the algal culture collection at the University of Gottingen, Germany (strain no. 26.80).
Nutrient release and uptake. Bacteria for this experiment were pregrown in medium with 20 rng 1-' glucose, but with reduced mineral nutrients (4.8 pM phosphate; 35.7 FM ammonium nitrate). Hence, the nutrient stoichiometry (C:N:P = 140:15:1) was such that the concentrations of soluble mineral nutrients were expected to be low after the bacteria had grown. The nutrient release and uptake experiment was done in 3 1 Erlenmeyer flasks with 1.5 1 bacterial suspension. Two controls without flagellates and 2 treatments with the mixotroph Ochrornonas sp, were incubated in the dark and in a 16:B h 1ight:dark rhythm, respect~vely. Two flasks with the exclusive phagotroph Spumella sp. were also incubated in the 1ight:dark rhythm. Several times per day, the flasks were shaken by hand. Samples for counting organisms and for measuring soluble mineral nutrients were taken every day in the morning, 2 h after the start of the light phase in the 1ight:dark treatments.
Under the assumption that most of the dynamics of soluble nutrients was due to the flagellates and not the bacteria, 1 calculated soluble reactive phosphorus (SRP) and ammonium uptake rates (fmol cell-' d-') for daily intervals, using the equations of Heinbokel (1978) .
Stimulation of P-limited phytoplankton. Stimulation of P-limited phytoplankton was tested in a batch and in a chemostat experiment. The batch experiment was done in 1 1 Erlenmeyer flasks with 750 m1 bacterial suspension. The bacteria had been pregrown in a medium with 1.6 pM phosphate and no SRP was measurable in the bacterial suspension at the start of the experiment. The green alga Scenedesmus acutus served as a test organism and had been precultured to the stationary phase in low phosphate medium (0.5 pM). Two controls received S. acutus (bacteria + algae), 2 flasks also received Ochromonas sp. (rnixotroph + bacteria + algae) and 2 flasks also received Spurnella sp. (phagotroph + bacteria + algae). All flasks were incubated in a 16:8 h 1ight:dark regime and were shaken by hand several times per day. Samples for counting organisms and for measuring SRP were taken every day in the morning, 2 h after the start of the light phase. 
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RESULTS
Nutrient release and uptake
Concentrations of soluble nutrients were low in the bacterial suspension at the start of the experiment. SRP was below detectability (~0 . 0 3 PM), the concentration of nitrate + nitrite was -0.3 PM, and the ammonium concentration was -2.2 pbl (Fig. 1) . During the incubation, there was no difference between the control treatments in the 1ight:dark regime and in the dark. In all controls, bacterial densities remained stable for 6 d, SRP and ammonium concentrations increased slightly (Fig. 1) .
Bacteria were reduced in all flagellate treatments. In the light: dark treatments with Spumella sp. as a grazer, SRP and ammonium tible change in nitrate + nitrite concentrations (Fig. 1) . Spumella sp. In the chemostat experiment, Cryptornonas sp. was numbers increased until Day 3. Changes in nutrient the phototroph. I have never observed bacterivory by concentrations during this phase probably were due this strain of Cryptornonas (Rothhaupt 1992) . Three to nutrient release by actively growing flagellates chemostats were run in parallel, supplied from the ( Fig. 2) . After that, Spumella sp numbers declined and same reservoir with P-limited medium (1 pM P). The increasing soluble nutrient concentrations most likely chemostat vessels had a volume of 750 m1 and were reflected release due to death and autolysis. 51 % of the operated at a dilution rate of 0.33 d-l. After Cryptotal ammonium release but only 20.6% of the total SRP tomonas sp. and unidentified bacterial contaminants release occurred during the first active growth phase of had successfully established populations in the chemoSpurnella sp. (Fig. 2) . stats, 1 reactor was inoculated with Ochromonas sp.
In the 1ight:dark treatments with Ochromonas sp. as and 1 with Spumella sp. The third one served as a a grazer, the flagellates exhibited a sigmoid growth control. Samples for counting organisms were taken pattern (Fig. 1) . There was no significant change in SRP daily.
Counting and chemical analyses. Samples for organism counts were fixed with formaldehyde (2 % final concentration) and subsamples were counted on black 0.2 pm Nuclepore membranes by epifluorescence microscopy with diamidinophenylindole (DAPI) to stain bacteria and flagellates (Porter & Feig 1980) . Soluble mineral nutrients (phosphorus and nitrogen) were analyzed according to standard methods (Strickland & Parsons 1972) . Ochromonas sp. and Spumella sp. reduced bacterial numbers. concentrations relative to the controls and consequently
Cryptomonas sp, densities remained unchanged in the no SRP release or uptake rates could be detected (Fig. 2) .
presence of the mixotroph and increased in the presence Ammonium concentrations increased until Day 3 and of the obligate phagotroph (Fig. 4 ) . This was evident afterwards declined (Fig. 1) . Obviously, Ochromonas from hnear regressions of Cryptomonas sp. densities versp, shifted from ammonium release in the first phase sus time for the interval from Day 11 to Day 25 (control: of the experiment to ammonium uptake afterwards (Fig. 2) .
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In the dark, when Ochromonas 7 sp. was compelled to live solely _-phagotrophically, it released both SRP and ammonium (Fig. 1) . Ammonium release rates were significant between Days 1 and 4, whereas SRP release was not detected before Day 2 (Fig. 2) . Ochrornonas sp. took up both nutrients when the dark flasks subsequently were exposed to the 1ight:dark rhythm and flagellate growth resumed (Figs. 1 & 2) .
Stimulation of P-limited
*-' centrations remained low in all .-+-+ --. 
DISCUSSION
The results of the present study suggest that there are basic differences in the patterns of nutrient turnover by the mixotroph Ochromonas sp. and by the exclusive phagotroph Spumella sp. The phagotroph released SRP and ammonium and stimulated P-limited algae. The mixotroph released SRP and ammonium only in continuous darkness or at high bacteria densities in the light when phagotrophic nutrition prevailed, but it took up mineral nutrients when it grew primarily phototrophically. In P-limited batch cultures, subject to a daily 1ight:dark rhythm, Ochromonas sp, retained bacterial P for its own photosynthetic growth and did not stimulate other phytoplankton. Under these conditions, the mixotroph obviously did not release phosphorus during the nocturnal dark phases but retained the nutrient intracellularly. Due to its photosynthetic capabilites, this strain of Ochromonas sp. is able to obtain a significant part of its carbon metabolism from photosynthesis and to grow actively when bacterial densities are low. In this situation it may use bacterial nutrients to meet the stoichiometric requirements of biomass production (Rothhaupt 1996a ).
The situation appeared somewhat different in the chemostat experiment. There is a continuous input of the limiting nutrient, phosphate, into a P-limited mixed chemostat and algae and bacteria compete for the uptake (Currie & Kalff 1984) . In this dynamic system, the addition of bacterivores may have a 2-fold stimulating effect for the phytoplankton. First, even without P release by the grazers, the algae may benefit from decreasing bacterial phosphate uptake owing to reduced bacterial numbers and, second, as in the batch cultures with Spumella sp., the algae may take advantage of bacterial P that is released by the grazers. Due to the lack of replication, the chemostat experiment does not offer unequivocal evidence. Nevertheless, it seems reasonable to assume that the divergent population trends of Cryptomonas sp. in the 3 treatments (decrease in the control, constancy in the presence of Ochromonas sp., increase in the presence of Spumella sp.) were due to the mechanisms mentioned. Both grazers diminished phosphate uptake by bacteria and Spumella sp. additionally mobilized bacterial P.
Bacterial carbon and photosynthetic carbon fixation are substitutable C sources as bacterial nutrients and soluble mineral nutrients are substitutable P (and probably N) sources for this strain of Ochromonas sp. (Rothhaupt 1996a ). This mixotrophic strategy was found to be bound up with costs and trade-offs for Ochromonas sp.: higher bacterial densities are needed to reach similar growth rates as specialized bacterial feeders and photosynthetic growth performance is reduced compared to algae of a similar size (Rothhaupt 1996a) . On the other hand, the ability to use substitutable resources can give rise to interesting trophic interactions of mixotrophs with more specialized organisms. In laboratory experiments, Ochromonas sp. was able to coexist both with exclusively phagotrophic and with exclusively phototrophic competitors when either food bacteria or SRP were limiting and the alternative resource was also offered (Rothhaupt 1996b) .
There is clear evidence from several authors in the literature that mixotrophy takes various forms for different species (reviewed by Sanders 1991) . The mixotrophic spectrum comprises obligately phototrophic species like Dinobryon cylindricum that are unable to survive in continuous darkness (Caron et al. 1993 ) and predominantly phagotrophic species or strains like Poterioochromonas malhamensis that have sufficient photosynthetic capabilities to persist but not to grow actively at low bacterial densities in the light (Caron et al. 1990 ). Consequently, the patterns of nutrient turnover differ. In laboratory experiments, D. cylindricum was able to obtain 45 to 99% of the required nitrogen and phosphorus from ingested bacteria, the remainder probably was complemented by the uptake of soluble nutrients (Caron et al. 1993 ). In contrast, P. malhamensis was always a net n~ineralizer of bacterial nutrients and could not retain excess nutrients for later use while growing photosynthetically. The patterns of nutrient release by P. malhamensis were comparable to those by the exclusive phagotroph Spumella sp. in the present study (Caron et al. 1990) .
Stoichiometric considerations suggest that the roles of bacterivorous mixotrophs, consumers or mineralizers of mineral nutrients, depend on the relative importance of photosynthetic carbon fixation. Bacterial nutrients are retained, and possibly complemented by the uptake of soluble nutrients, when photosynthesis constitutes a significant part of the carbon assimilation. Bacterial nutrients are released when phagotrophic nutrition prevails. The strain of Ochromonas used in this study was shown to be able to adopt both roles (Rothhaupt 1996a) . In previous experiments, Ochromonas sp. released SRP when its growth was mainly phagotrophic, whereas it took up SRP when it shifted to predominantly photrophic growth and the uptake of bacterial phosphorus was not sufficient to meet the stoichiometric requirements. The present study shows that the same is valid for ammonium and furthermore that under conditions of low soluble nutrient concentrations, Ochromonas sp, is able to store bacterial nutrients for subsequent phototrophic growth.
In nature, the relative abundance of chrysophytes, the phytoplankton group in which mixotrophy is most widespread, often increases in more oligotrophic situations (Sandgren 1988 , Sommer et al. 1993 . In some pre-alpine lakes, Dinobryon regularly occurs in late summer when seston stoichiometry suggests strong nutrient limitation (Dokulil & Skolaut 1986 , Sommer 1987 . These patterns of occurrence may largely be due to the ability of some of these organisms to take up bacterial nutrients and to use them for their own photosynthetic growth. The stimulation of phytoplankton via nutrient release by phagotrophs obviously can be cut short by some mixotrophs and, in a way, take place within 1 organism that combines both roles.
